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Split Expander — 50-Percent Jacket Bypass/30-Percent 
Enhancement — 150 Tubes 
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Advanced Expander Test Bed Alternative Tubular Chamber Thermal 
Design — Variable Enhancement (Counterflow 120 Tubes) 



Tube Isotherms 1.0 in. Upstream of Chamber Throat (Z=-l) 
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Tube diameter 0.080 in. to a maximum based on structural 

limits and coolant velocity requirements 
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The second part of the analysis consisted of sensitivity studies to determine the impact of 
changing some of the assumptions that went into the original optimization. The two most 
significant variables in the sensitivity study were found to be the assumed heat flux enhancement 
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points) are included on the layout. A sketch of the chamber is provided in Figure 1 
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solutions for independent variable combinations in addition to those comprising the database to 
be determined. Thus, the expanded database (the regression equations) actually constitute a 
series of multidimensional surfaces (one for each dependent variable regressed) where the 
number of dimensions is the number of independent variables in the regression equations. 
Second-order polynomial regression equations are used for all surface fits. 
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dramatically (2n), while the number of face points only increases by 2n. Reducing the number of 
corner points to reduce the cost of data generation, therefore, becomes expedient. The equation 
for number of points becomes: 
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The initial step in the study was to select the independent variables for the copper tubular 
thrust chamber heat transfer analysis. Seven parameters were chosen (Table 5). Figures 4, 5, 
and 6 present the CCD matrix used for the thrust chamber analysis. 
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TABLE 5. — COPPER TUBULAR THRUST CHAMBER VARIABLES 
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Two values of C p , k and p. are input with corresponding temperatures and a log-log curve fit 
is applied. The Prandtl number is calculated at a given temperature by the equation: 
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The denominator of the equation is referred to as the contour integral and has been found 
to be fairly insensitive to wall temperature. To simplify the computer program this is calculated 
in front of the heat transfer calculation and a contour integral curve is generated (int-vs-z). 


The reduced form of the denominator, assuming finite steps from the injector face and 
wma/area = p ; X V ; , for a given wall location is: 




The numerator of the equation is calculated at the axial station being run. The reduced 
form of the equation with wma/area = ft X V, is: 
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The coolant heat transfer and pressure loss formulation is: 
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Local H cool coefficients are adjusted for entrance, wall roughness, and curvature effects: 




bottom. 



The downstream static enthalpy and pressure are calculated using a control volume 
analysis. The two loss factors are friction and momentum: 




Combining with continuity, separating upstream and downstream, and dimensionalizing for 
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The break point between the nozzle and chamber was set at an expansion area 
ratio of 6.5 for all cases. The break point was set based on tube hoop stress for 
a 0.050-inch thick wall at the maximum chamber pressure. 
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The appropriate CCD matrix was selected to generate a combination of cycle and chamber 
data for regression. For the split expander cycle, a six-variable matrix was chosen to conduct the 
cycle analysis. The matrix is presented in Figure 7. Values for independent parameters used are 
listed in Table 6. 































































TABLE 6. — SPLIT EXPANDER CYCLE INDEPENDENT PARAMETERS 
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SECTION III 

THERMAL ANALYSIS AND SENSITIVITY STUDY RESULTS 
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Figure 10. Effect of Tube Aspect Ratio and Chamber Contraction Ratio on Achievable 
Chamber Pressure — Split Expander Cycle 
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Figure 11. Effect of Turbine Pressure Ratio and Number of Tubes on Achievable Chamber 
Pressure — Split Expander Cycle 
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Figure 14. Effect of Aspect Ratio and Contraction Ratio on Achievable Chamber 
Pressure — Full Expander Cycle with Regenerator 
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Figure 15. Effect of Turbine Pressure Ratio and Number of Tubes on Achievable Chamber 
Pressure — Full Expander Cycle with Regenerator 
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provides an increase in total heat flux to the chamber that is available for providing increased 
cycle chamber pressure. However, increasing enhancement without increasing the number of fuel 
pump stages tends to drive the fuel pump tip speed over the allowable limit (2100 ft/sec), forcing 
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The use of a four-stage fuel pump was examined in an effort to decrease the pump impeller 
tip speed and allow further chamber pressure increase. To accommodate the additional fuel pump 
stage, the configuration of the fuel turbopump was altered. Back-to-back counterrotating 
turbines were selected to power the split rotor, four-stage fuel pump. This configuration replaced 
the three-stage fuel pump powered by a single two-stage fuel turbine. 



juaiuaoumfug juaauaj-og/ssvdtg }ai pvp juaouaj-og — uapuvdxg fjjdg jz aun8)j 



9-Veiqej. 

Xjpueddv 

ess 


l! x 3 doind XOI (Z) 
ie|U| duund g XOI (9) 
jesnyia euiqjnj. a XOI (S) 
leiuieiuqjnixoi (fr) 

1!*3 )U€|OOQ (e) 

lixa diund (3) 
je|U| doind ssedAa |anj (j.) 

:se)0|s| 


**8W‘6 ■ 
VZ9 Z‘fr - 


fr‘8fr6'e - H 

ese = m 

znz>- d 


oses-H (s) 

sze-M 

9'963‘S - d 
X3H XOO 


0'908‘S = H 1 
Z‘ 180‘S = d te) 


Z- t* = M (9) 
Z'39 1 *=■ ± W 
Om = d 


9VL - M 
VIZ - 1 
9 m -d 

-(0 



/Ct jaiuoaQ aqn£ mrnupdQ 

— judiudDumfug luaojdj-og/ssvdtg }aq ovp juaouaj-os — uapuvdxg jijdg ZZ 


\ 

09S (. - 08fr = 0BA I 

Ml 000‘S3 = 0BA d 

1 

c 


) 


Z-V ©iqei 
Xjpusddv 
aas 


HX3 diund XOl (Z) 
19|U| diund a XOl (9) 
iasnjjta auiqjnj. g XOl (s) 
ia|U| aujqjni XOl (t-) 
P3 jUB|ooo (e) 
ijxg diund (3) 
)8|u| diund ssedAg |9nd (0 

:s 9 io|\i 


tuqi/njg - h 
09 S/uiq| = m 

do =1 

Bjsd = d 


9HZ8‘S“H 
ese = M 
3808> = d 


z’sszu 



CT> 

CO 


Z'l-Z = H 
Z‘t* = M 
3’8fr8‘3 = d 


rn = m 

Z‘39 1- = 1 
0‘9l- = d 


XOl 


3H1 


litui'] aunivuddiuaj^ Ho 0991 — Japuvdxg jtjdg £Z a-inSid 


\ 

09S l.'08fr = 0BA | 

jqi ooo'ss = 0BA d 


( 


) 


8-V siqei 
xipuaddv 
ses 


«xg diund X01 (Z) 
19|U| diund 9 XCTI (9) 
jasnjjia suiqjni g XOI (s) 
l3|U|8U!qjniX01 (fr) 
}jX3 JUB|000 (e) 

Ijxg diund ( 2 ) 
)3|U| diund ssedAg |©nj (i.) 

:sejON 


uuqi/rng - h 
oes/iuqi = m 

do =1 

Bjsd = d 


60S9‘e = H 
ess = M 
8sw;‘s = d 


ViOL'V 



vu 

L W* 

Q’SSZ‘2 


XOl 


shn 


O 


R2 1385/2 


m d S PZ sungij 






In addition to decreasing the tip speed, the four-stage fuel pump also improves pump 
efficiency. The higher pump efficiency provides increased pump exit pressure for an equivalent 
power input, providing potential for increased chamber pressure operation. Additional improve- 
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SECTION IV 

TUBULAR CHAMBER PRELIMINARY DESIGN 
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The AETB conical nozzle extension is designed specifically for series flow operation with 
the milled-passage chamber. The tubular chamber has better thermal performance than the 
milled-passage chamber; consequently, both the coolant temperature and pressure entering the 



minimize exit manifold losses (Figure 35). 



0.375-inch diameter transfer hole is located between the bolt holes. The size and number of these 
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Figure 34. Copper Tubular Combustion Chamber — Advanced Expander Test Bed 
Alternate Design 
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The copper tubular thrust chamber was designed to meet the AETB minimum life design 
criteria of 100 cycles and 2.0 hours life. The thicknesses of the ED-Cu jacket and manifolds are 
based on design point pressure loads, and sized to provide minimum safety factors of 1.2 yield 
and 1.5 for ultimate. A significant thermal gradient exists between the manifolds and attachment 
flanges at both the front and aft flanges of the combustion chamber. Selection of a manifold 




“8 

•2 

H 

40 


US’S » 
eo .5 

0) S .tS 

, M 03 fl 
1 p <t> g 
5b i-3 


oo 


fg 


5 

3 


co 

*© 

S 

CJ 

-c 

O 

**. 

•2 

3 

-O 


;a 


tj 

CL) 

QQ 


0J 

£ 

k. 

*3 

c 

1 

&a e 

•g £ 

$u 

O £ 

C :S 

i| 

^ Q 


co 

e 

3 

•Bp 

&H 


« 

’55 

>% 

(0 

c 

< 

01 

«•» 

□ 

w 

4) 

C 


CM 


g ^ 
a> 13 


CD 


&<* 


O .2 

o> 


& a 


03 

JS 8 


03 


M C 

o> a _ _ 

S'8 3 J 


•X3 _ 


03 




CO 

iO 



shows temperature effects, in addition to the pressures and boundary conditions. Using 
symmetry, the structural analysis was accomplished using half a tube and the corresponding arc 
length of the structural jacket. 



Figure 39. Tube Isotherms 1.0 in. Upstream of Chamber Throat (Z--1) 





Figure 40. NASTRAN Two-Dimensional Structural Modes 
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Figure 42. Principal Stress Contour Plot 
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evaluated, rather than only a steady-state condition. Ideally, this should include transient 
temperature, pressure, and boundary conditions for chilldown, start, steady state, and shutdown. 
This analysis approach is considerably more tedious and costly than the elastic analysis method 



to correlate the life prediction methodology. 
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Advanced Expanded Test Bed (AETB). 
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Regression Simulation of Turbine Engine Performance-Accuracy Improve- 
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TABLE A-l. — OPTIMIZED SPLIT EXPANDER 
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TABLE A-3. — SPLIT EXPANDER— 35-PERCENT JACKET BYPASS/30 
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TABLE A- 3 . — SPLIT EXPANDER— 35 -PERCENT JACKET BYPASS /30 
PERCENT ENHANCEMENT (CONTINUED) 
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TABLE A-4. — FULL EXPANDER WITH REGENERATOR— 30-PERCENT 

ENHANCEMENT 


o o o m 


— w « 


) Vt O l/l 4 


>•>•0 0 


s 1 

pi 

TV) 0 . 

V) W W 

, UJ Z m « < H I 
W * 5 . g w ~ x 

3 Jsi 55 " 1 

si^gaassi 


{52 

sS: 

AC Q g 


> K ►- S H 


wMMMvjrv/UliA®, 

Z'i'» 4 '# 444 Nl 


OSOMMO?NNN 44 'i 4 \JI/liniflNN 4 lfl 

040 »r>^iAlAlAUIIAlAlA 4 tAV)tA 4«44 


OOOOOOOOi 


o o o o o o 


I O O M O N K tt( 


4 4 4 4 - *« I 


• •• W> irt 


MMNKUflWHHifliflifliflNNL _ . „ _ 

| 004 fl»NNl/ljAV 44 \FNNNNN^-' 

.MM -WM»'*.N i NNN-hNNSNN 

II MMMMMWNN 


4 <4 4 M I 

-4 VI . 
s,r<.rs.rvrN.MMMM 
NNCSIWNNNWMNNN 




10 0 0 0 0 1 

I • • ♦ • ♦ O * • • t » • I 

,r«.r<.fvroKo^*>o>rsr^rMr«. 


s 

u- ! 


VU|U|4(jH«NN»MlAMlA|A09OOOHN44VHQg)44rO 
W W M N O M w ^ h W h ^ ^ QO 09 CO 09 00 00 00 00 O 9^ 9^ ^ m h h 


i w% m rv , 


h. M M I 


22 


22! 


z 5 

t -ta-® 

1S23BSIS5 


222222^8 

iihill? 


la*S*K2PcpepepejKf*| 1 _ K j 

||Sggggg!Si28iJ88^JJ,fig 

8S2222228SS S S S 2 § £ 




21 



P8‘ 


r* is. »■«. m f» i 


I M 4 M M 


^NIsh^^o^uinni 

®2 2i!'5^'* c J® , ‘ N>JNOO-MNNWfl *?9 N 09'rNN««coiAV 
^NMKNWIrtMBNBSSNUIrtMNwBfflNNtJVBCJNOV 
— - -iS^JoO^lAifllAIAVVV VsrWtOKlMM^H 

, .. .. ^ ^ N im NNNNNNNN 


S^DNvitfl^OMlA-lAlA 

Mh444Q)OtMOOOMD 


lONNNOOVO^inM 

!' 4 lAlAN' 0 » 4 tt< 4 N 4 

iMktMNMMOMDOO'V 

MMvf V V V V « H 

*1 M N M N N N 


iia 3 shS 3 ’ 


S->:i|S: 

v) m oo a a 


Iss 


J >J M 
O sir s# 

C. N vf 


CL • • 

< 3 S 


S§5 2£i 

t- IL O - U. , 


INJECTOR DATA 



TABLE A-4. — FULL EXPANDER WITH REGENERATOR— 30-PERCENT 

ENHANCEMENT (CONTINUED) 
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TABLE A-5. — SPLIT EXPANDER— 50-PERCENT JACKET BYPASS/30 
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TABLE A-5. — SPLIT EXPANDER— 50-PERCENT JACKET BYPASS/30 
PERCENT ENHANCEMENT (CONTINUED) 
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TABLE A- 6. — SPLIT EXPANDER— 50-PERCENT JACKET BYPASS/30 
PERCENT ENHANCEMENT— 150 TUBES 
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TABLE A-6. — SPLIT EXPANDER— 50-PERCENT JACKET BYPASS/30 
PERCENT ENHANCEMENT— 150 TUBES (CONTINUED) 
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TABLE A-7. — SPLIT EXPANDER— 50-PERCENT JACKET BYPASS/30 
PERCENT ENHANCEMENT— OPTIMUM TUBE GEOMETRY 
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TABLE A-7. — SPLIT EXPANDER— 50-PERCENT JACKET BYPASS/30- 
PERCENT ENHANCEMENT— OPTIMUM TUBE GEOMETRY (CONTINUED) 
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TABLE A-9. — SPLIT EXPANDER— 1660°R HOT-WALL TEMPERATURE LIMIT 
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TABLE A- 10 . - SPLIT EXPANDER— 35 -PERCENT BYPASS/ 18 -PERCENT 
ENHANCEMENT— FOUR-STAGE PUMP (CONTINUED) 
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TABLE A- 10. — SPLIT EXPANDER— 35 -PERCENT BYPASS/18-PERCENT 
ENHANCEMENT— FOUR-STAGE PUMP (CONTINUED) 
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TABLE A-12. — SPLIT EXPANDER— 50-PERCENT BYPASS/18-PERCENT 
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TABLE A- 12. — SPLIT EXPANDER— 50-PERCENT BYPASS/18-PERCENT 
ENHANCEMENT— FOUR-STAGE PUMP (CONTINUED) 
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TABLE A- 13 . — SPLIT EXPANDER— 50 -PERCENT BYPASS/ 30 - PERCENT 
ENHANCEMENT— FOUR-STAGE PUMP (CONTINUED) 
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